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Tissue growth is achieved through coordinated cellular growth, cell division and apoptosis. Hippo
signaling is critical for monitoring tissue growth during animal development. Loss of Hippo signaling
leads to tissue overgrowth due to continuous cell proliferation and block of apoptosis. As cells lacking
Hippo signaling are similar in size compared to normal cells, cellular growth must be properly
maintained in Hippo signaling-deﬁcient cells. However, it is not clear how Hippo signaling might
regulate cellular growth. Here we show that loss of Hippo signaling increased Akt (also called Protein
Kinase B, PKB) expression and activity, whereas activation of Hippo signaling reduced Akt expression in
developing tissues in Drosophila. While yorkie (yki) is sufﬁcient to increase Akt expression, Akt up-
regulation caused by the loss of Hippo signaling is strongly dependent on yki, indicating that Hippo
signaling negatively regulates Akt expression through Yki inhibition. Consistently, genetic analysis
revealed that Akt plays a critical role in facilitating growth of Hippo signaling-defective tissues. Thus,
Hippo signaling not only blocks cell division and promotes apoptosis, but also regulates cellular growth
by inhibiting the Akt pathway activity.
& 2012 Elsevier Inc. All rights reserved.Introduction
During development, cell growth, cell division and apoptosis
determine cell size, cell number, and ultimately the size of organ
and organism. Over the past three decades, much has been
learned about the molecular basis and cell signaling mechanisms
involved in regulating these fundamental biological processes.
However, how cell growth, cell division and apoptosis can be
properly coordinated has not been completely understood.
Under certain mutant background, cell growth has been shown
to be separable or uncoupled from cell division. When cell
proliferation rate is accelerated by over expressing speciﬁc cell-
cycle regulators, such as dE2F, in cell clones or wing compart-
ments in the developing Drosophila wing disc, more cells are
generated but they are smaller in size because cell growth is
unaffected (Neufeld et al., 1998). Therefore, although the cell
numbers were increased 4- to 5- folds, clone or compartment
sizes were not changed much (Neufeld et al., 1998). In other
words, cell division acceleration is insufﬁcient to drive cell growthll rights reserved.
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aZeneca Global R&D(Nurse, 1975; Johnston et al., 1977). Loss of Hippo signaling,
however, has been shown to cause dramatic increase of cell
number and tissue overgrowth due to an increased cell prolifera-
tion and block of apoptosis (reviewed by Chan et al., 2011; Halder
and Johnson, 2011; Oh and Irvine, 2010; Pan, 2010; Zhao et al.,
2010). Because cells lacking Hippo signaling are similar in size
compared to normal cells (e.g. Harvey et al., 2003; Lai et al., 2005),
cell growth must be properly maintained in Hippo signaling-
deﬁcient cells. This observation also suggests that Hippo signaling
negatively regulates cell growth in addition to its role in cell
division and apoptotic control. However, it is not clear how the
increase in cell growth is coupled to cell cycle acceleration to
achieve tissue overgrowth in Hippo pathway mutants.
Protein synthesis comprises the main part of animal growth
during development. Among the signaling pathways that regulate
the protein translation apparatus, insulin receptor (Inr)/Akt sig-
naling pathway (we use the term of Akt signaling for simplicity in
the writing below) is the most prominent one. Akt signaling is
known to play a critical role in growth control by regulating cell
proliferation, cell growth and apoptosis and also in other biolo-
gical processes, such as metabolism, reproduction and longevity
(Oldham and Hafen, 2003; Hietakangas and Cohen, 2009;
Tumaneng et al., 2012). In response to ligand binding, insulin
receptor (Inr) is activated to recruit Chico, Drosophila homolog of
Insulin Receptor Substrate (IRS), and the lipid kinase PI3K (phos-
phoinositide 3-kinase) to the plasma membrane (Bohni et al.,
X. Ye et al. / Developmental Biology 369 (2012) 115–1231161999; Leevers et al., 1996; Weinkove et al., 1999). PI3K functions
by converting PIP2 (phosphatidylinositol (4,5)-bisphosphate) into
PIP3 (phosphatidylinositol (3,4,5)-trisphosphate) via phosphory-
lation. This effect is reversed by lipid phosphatase PTEN
(phosphatase and tensin homolog deleted on chromosome 10),
which dephosphorylates PIP3 back to PIP2 (Maehama and Dixon,
1999). PIP3 at the membrane recruits pleckstrin homology (PH)
domain-containing protein serine/threonine kinases, Akt (also called
protein kinase B, PKB) and PDK1 (phosphoinositide-dependent
kinase), to colocalize (Coffer et al., 1998; Brazil and Hemmings,
2001). Upon Ser/Thr phosphorylation by PDK1 and TOR (target of
rapamycin), Akt kinase is activated (Alessi et al., 1997; Sarbassov
et al., 2005). Like in vertebrate animals, Drosophila Tsc1 and Tsc2
(tuberous sclerosis complexes 1 and 2) proteins were identiﬁed as
negative growth regulators (Gao and Pan, 2001; Potter et al., 2001;
Tapon et al., 2001), playing a role in inhibiting TOR complex 1
(TORC1) activity. Although Akt kinase directly phosphorylates both
Tsc1 and Tsc2, it turned out that such phosphorylation is not
essential for normal animal growth (Dong and Pan, 2004; Schleich
and Teleman, 2009). Therefore, PI3K/Akt appears to be able to
regulate normal cell and tissue growth independent of the Tsc1/2
pathway. TOR also exists in another rapamycin-insensitive complex,
TOR complex 2 (TORC2), which acts upstream of Akt as a positive
regulator (Loewith et al., 2002). Activated TORC1 subsequently
phosphorylates the eukaryotic initiation factor 4E binding protein
(4E-BP), which blocks its function as inhibitor of cap-dependent
translation (Lawrence and Abraham, 1997). TOR and PDK1 also
activate ribosomal S6 kinase (S6K), thereby controlling the activity
of protein translation machinery (Dufner and Thomas, 1999).A
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Fig. 1. The enlarged wing phenotype induced by Akt was dominantly enhanced bymats
(n¼21). (B)matsþ/matse235 ﬂies, the posterior/anterior (P/A) size of adult wing does not
size of adult wing was increased by 5% (n¼35). (D) In en-Gal4/UAS-Akt; matsþ/matse235
of that of wild-type ﬂies. (E) Data from the statistic analysis. The white dots outline the
between posterior (P) and anterior (A) compartments. The area of P is normalized to t
expression of UAS transgenes in the P compartment.Mutations of the positive components or overexpression of the
inhibitory components of this pathway can result in reduced cellular
growth rate (Hietakangas and Cohen, 2009).
In this work, we aimed at testing a hypothesis that Hippo
signaling negatively regulates cell growth by reducing Akt pathway
activity. We found that loss of Hippo signaling increased Akt
expression as well as Akt activity, whereas activation of Hippo
signaling reduced Akt expression in Drosophila developing tissues.
The activity of a negative downstream component of the Akt
pathway, 4E-BP, can be downregulated by loss of Hippo signaling.
Genetic analysis indicated that reduction of Hippo signaling activity
enhanced the ability of Akt kinase to promote cell growth and Akt
plays a critical role in promoting tissue overgrowth induced by the
loss of Hippo signaling activity. Acting downstream of the Hippo
pathway, yorkie (yki) is sufﬁcient to increase Akt expression. More-
over, Akt up-regulation caused by the loss of Hippo signaling is
dependent on Yki, which supports a critical role of Akt in promoting
cell and tissue growth and Yki is critical for Akt activation. Therefore,
Hippo signaling negatively regulates cell and tissue growth by
reducing Akt expression and activity through Yki inhibition.Results
Genetic interaction between Akt and mats in regulating cell and
organ size
Akt signaling plays a critical role in tissue development
by promoting cell growth in Drosophila (Verdu et al., 1999;ats+/e235
n>Akt & mats+/e235
mutation. (A) The wing of en-Gal4/UAS-GFP adult ﬂy, serving as a wild-type control
have signiﬁcant change (n¼17). (C) In en-Gal4/UAS-Akt ﬂies, the posterior/anterior
ﬂies, the posterior/anterior size of adult wing was further increased to 22% (n¼13)
size of a wild-type wing displayed in (A). The red-dot lines indicate the boundary
hat of A to calculate the relative size of the P compartment (P/A). en-Galt4 drives
en>GFP mats+/e235
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Fig. 2. Loss of mats function mutations dominantly enhanced the increased cell
growth phenotype caused by Akt overexpression in the Drosophila wing. (A) en-
Gal4/UAS-GFP; (B) matse235/þ (C) en-Gal4/UAS-akt; (D) en-Gal4/UAS-akt; matse235/
þ . Adult wings with the same magniﬁcation were used to display wing hairs in
(A–D). (E) Relative cell size with different genotypes shown in (A–D). Region 1 was
within the area posterior to the ﬁfth vein, and region 2 was within the area
between the fourth and ﬁfth veins. Although cells in different regions appeared to
exhibit various levels of responses to Akt overexpression, synergistic effect on cell
size increasement due to Akt overexpression together with mats functional
reduction was observed in both regions. As each wing cell secrets a single hair,
the densities of wing hairs measured at several positions in the posterior
compartment could be used to calculate cell size. To do so, the number of hairs
per area was counted for each genotype with at least four samples and relative cell
size is calculated with the wild-type wing shown in (A) as a control.
X. Ye et al. / Developmental Biology 369 (2012) 115–123 117Hietakangas and Cohen, 2009; Yang and Xu, 2011). The observa-
tion that tumor cells generated by losing Hippo signaling activity
are similar in size compared to normal cells (e.g. Harvey et al.,
2003; Lai et al., 2005) led us to hypothesize that Hippo signaling
may inhibit cellular growth by targeting the Akt pathway. In this
study, we have utilized the Drosophila model to begin to explore
how the Akt pathway might be regulated by Hippo signaling.
With the engrailed-Gal4 (en-Gal4) driver, Akt overexpression in
the posterior compartment of developing wing increased the size
of the posterior compartment of the adult wing by 5% (the P/A
ratio: the posterior area/anterior area relative to that of wild-type
wing, Fig. 1A, C and E). This increase of organ size should have
been contributed by an increase of cell size in responding to Akt
expression (Fig. 2A, C and E). For mats heterozygous wings, there
was no signiﬁcant change for either the P/A ratio or cell size
(Fig. 1B and E; Fig. 2B and E). In a mats heterozygous background,
however, the Akt overexpression further increased the size of
adult wing with a P/A ratio 22% more than that of wild-type ﬂies
(Fig. 1D and E). Similarly, Akt-induced increase of cell size
phenotype was also dominantly enhanced by the reduction of
mats function so that the cells were typically 23–27% larger than
that of wild-type and mats heterozygous cells (Fig. 2D and E).
Moreover, the wing hairs were thicker, longer and disorientated
in ﬂies that overexpressed Akt and were heterozygous for mats
loss-of-function mutations (Fig. 2D), further indicating that cel-
lular growth was indeed enhanced by the reduction of mats
function. These results indicate that Hippo signaling synergisti-
cally interacts with akt, which support the idea that Hippo
signaling normally inhibits akt to control cellular and tissue
growth.
akt is critical for tissue growth induced by loss of hippo growth-
inhibitory signaling
The genetic interaction between akt and mats shown above
predicts that Akt contributes to tissue overgrowth induced by the
loss of Hippo signaling. To test this idea, the importance of akt for
the overgrowth of tissues defective for Hpo signaling was inves-
tigated through a double mutant approach. To do this, an RNAi
allele of akt that strongly reduced Akt protein levels (Fig. S1) was
used for generating loss of akt function clones alone or in
combination with mats mutations in developing tissues, with
mutant clones marked by the expression of Green Fluorescence
Protein (GFP) using the MARCM system (Lee and Luo, 1999). Loss
of akt function resulted in the formation of fewer clones with
clone area 17% of that of wild-type clones (Fig. 3A and B; Fig. S2),
whereas loss of mats clones were ﬁve times of the size of wild-
type clones (Fig. 3D; Fig. S2). The removal of akt function in mats
mutant clones reduced the clone size by two-fold compared to
that of mats clones (compare Fig. 3C with 3D; Fig. S2). Therefore,
akt plays a critical role in normal development as well as for
tissue growth induced by loss of mats.
akt expression is negatively regulated by hippo signaling
To investigate how Akt signaling might be targeted by the
Hippo pathway for growth control, we have ﬁrst analyzed Akt
expression in cells that have lost Hippo signaling activity due to
mutations in genes such as hpo and mats, two key components of
the Hippo pathway in Drosophila (Halder and Johnson, 2011;
Oh and Irvine, 2010; Pan, 2010). Through immune-staining, the
level of total Akt protein was analyzed in clones of mats or hpo
mutant cells generated in developing tissues such as larval wing
discs. Mutant clones were positively identiﬁed by the expression of
the GFP reporter gene. Unlike wild-type controls (Fig. 4A–C), loss of
function of mats or hpo resulted in a moderate increase of Aktprotein level (Fig. 4D–I). To test whether the level of active Akt
kinase can be inﬂuenced by loss of Hippo signaling, a phospho-
speciﬁc Akt antibody was utilized to detect the phosphorylated
active form of Akt kinase (P-Akt) in developing tissues. Similarly,
the P-Akt level was also elevated in mats and hpo mutant clones
but not in control clones (Fig. 4P–U). Thus, loss of Hippo signaling
increased the levels of both total Akt and active Akt kinase
proteins. As Pten tumor suppressor is an upstream negative
regulator of Akt kinase (Hietakangas and Cohen, 2009; Yang and
Xuzz, 2011), expression of Drosophila Pten (dPten) protein in mats
mutant clones was examined through immunostaining and we
aktRNAiWT aktRNAi; mats-/- mats-/-
ykiRNAiWT ykiRNAi;mats-/- mats-/-
Fig. 3. akt and yki were critical for tissue growth caused by loss of mats function mutation. (A and E) Wild-type clones (WT); (B) aktRNAi clones; (C) aktRNAi and matse235
double mutant clones; (D and H) matse235 mutant clones; (F) ykiRNAi clones; (G) ykiRNAi and matse235 double mutant clones. aktRNAi and matse235 double mutant clones
(C) were about two-fold reduced in size compared to that of loss of mats clones alone (D). Also, loss of yki function strongly suppressed the tissue overgrowth phenotype
caused by loss of mats function (Compare G with H). All clones were generated through the MARCM system and positively marked by GFP. Mosaic third-instar larval wing
discdiscs were used for analysis.
X. Ye et al. / Developmental Biology 369 (2012) 115–123118found that there was no signiﬁcant change of dPten protein levels
in mats mutant cells (X. Ye, data not shown). Therefore, it is
unlikely that dPten was responsible for the increased P-Akt levels
in Hippo signaling-deﬁcient cells.
To further investigate the role of Hippo signaling in regulating
akt, a constitutively active form of Mats generated by tagging a
myristoylation signal peptide (Myr) at the N-terminus of Mats-
GFP (Ho et al., 2010) was used to test whether ectopic Mats
expression is sufﬁcient to inﬂuence Akt expression and activity.
When expressed in the posterior regions of larva wing discs with
en-Gal4 driver, the levels of total Akt protein as well as P-Akt were
found to be reduced in Myr-Mats-GFP expressing regions
(Fig. 5D–F and J–L). To test whether the reduction of total Akt
and activated Akt protein levels is a speciﬁc effect of Myr-Mats-
GFP, over-expression of a GFP transgene driven by en-GAL4 served
as a control and no alteration of Akt or P-Akt levels was observed
(Fig. 5A–C and G–I). These results indicate that activated Mats is
sufﬁcient to reduce Akt expression and activity.
To examine whether akt is regulated at the mRNA level by
Hippo signaling, whole mount in-situ hybridization was per-
formed to assess the mRNA level of akt in clones of cells defective
for Hippo signaling in developing wing discs. While no obvious
change of akt mRNA level can be found in wild-type clones
(Fig. S3A–C), a moderate increase of akt mRNA was detected in
matsmutant clones (Fig. S3D–F). These results indicate that Hippo
signaling can regulate akt expression at the transcription level or
the level of akt mRNA stability or both.
Yki plays a positive role in regulating Akt expression and is required
for the increased expression of Akt in hippo signaling-defective cells
Yki is a major downstream target of the Hippo signaling
pathway and functions as a transcription co-factor required for
activating many genes important for proliferation and apoptotic
control (Huang et al., 2005; Oh and Irvine, 2008; Zhao et al.,2007). To test whether Yki might be involved in regulating Akt
expression, Yki over-expression clones were generated in devel-
oping tissues such as larval wing discs. Interestingly, expression
levels of total Akt and active phospho-Akt proteins were
increased in Yki-expressing clones but not in wild-type clone
(Fig. 4J–L and V–X). At the mRNA level, akt expression was
elevated in Yki-expressing clones (Fig. S3G–I). Consistently,
expression of both the akt transcript and protein increased in
cultured S2 cells that overexpressed yki (Fig. 6A and B). Thus, akt
expression is positively regulated by Yki.
Mats acts downstream of the Hpo kinase and behaves as an
activating subunit of Wts kinase to phosphorylate Yki (Lai et al.,
2005; Wei et al., 2007). Upon phosphorylation, Yki is maintained
in the cytoplasm and its activity to regulate gene transcription is
blocked (reviewed in Oh and Irvine, 2010). However, the impor-
tance of yki in mats mutation-induced tissue overgrowth has not
been genetically tested. Using the tissue overgrowth phenotype
caused by loss of mats function mutation as an in vivo functional
assay, clones double mutant for loss of mats and yki were
generated in larval wing discs. As shown in Fig. 3E–H and
Fig. 7D–F, loss of yki function strongly suppressed tissue over-
growth induced bymatsmutation. These results indicated that yki
is required for mediating tissue overgrowth induced by the loss of
mats function, and therefore, Yki is a downstream effecter
negatively regulated by Mats tumor suppressor.
As yki is sufﬁcient to upregulate akt expression, the importance
of yki for akt upregulation induced in mats mutant cells was
examined. To do this, Akt staining was carried out in yki single
mutant as well as mats; yki double mutant clones. We found that
loss of yki function alone reduced the Akt protein level (Fig. 7A–C),
which is consistent with a positive role of Yki in regulating akt
expression. While loss of mats resulted in Akt upregulation (Fig. 4E),
loss of yki function in mats; yki double mutant clones effectively
decreased the Akt protein level (Fig. 7E). Thus, yki plays a critical role
in up-regulating akt expression induced by the loss ofmats function.
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Fig. 4. Akt and phospho-Akt (P-Akt) protein levels are increased in loss of Hpo signaling clones or clones overexpressing Yki in third-instar larval wing discdiscs. (A–C and
M–O) show wild-type clones generated through MARCM. (D–F, P–R) are wing discs containing large matsroo mutant clone. (G–I, S–U) are wing discs exhibiting large
hpoBF33 mutant clones. A Flip-out technique was used to generate clones that overexpress Yki and its impact on Akt (J–L) and P-Akt (V–X) expression was examined in
larval wing discs. The Akt protein was detected via immunostaining (A–L, red), and a phosphor-speciﬁc Akt antibody detected the activated P-Akt protein (M–X, red).
Clones can be identiﬁed with GFP expression (green).
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Eukaryotic initiation factor 4E binding protein (4E-BP) is a
downstream negative component of the Akt pathway, which
plays an important role in regulating cap-dependent translation
of mRNAs (Lawrence and Abraham, 1997; Hietakangas and
Cohen, 2009). 4E-BP is phosphorylated at multiple sites. The
TOR phosphorylation of 4E-BP at two evolutionarily conserved
sites, Thr-37 and Thr-46, is an important step for 4E-BP inactiva-
tion. Only one 4E-BP protein exists in Drosophila. In the unpho-
sphorylated state, 4E-BP binds to eukaryotic initiation factor 4E
(eIF4E) and blocks the translation initiation. Upon phosphoryla-
tion by the TOR complex, 4E-BP is disassociated from eIF4E and
cap-dependent translation is activated (Gingras et al., 1998; 1999;
Johnston and Gallant, 2002). Therefore, phosphorylation of 4E-BP
serves as a sensitive readout for monitoring Akt pathway activity.
To further assess the impact of Hippo signaling on the Akt
pathway activity, the level of phospho-4E-BP (P-4E-BP) was
examined in mosaic larval wing discs. With a Phospho-Thr-37/46
speciﬁc antibody, the level of P-4E-BP was found to be elevated in
both mats loss-of-function mutant clones and Yki overexpressing
clones in larval wing discs (Fig. S4). These data further support the
idea that Hippo signaling targets the Akt pathway to regulate
cellular growth by affecting cellular processes like protein
synthesis.Discussion
Growth inhibition mediated by Hippo signaling is essential for
tissue growth and organ size control. Loss of Hippo signaling
generates extra cells with their size similar to normal cells,
suggesting that both cell division and cellular growth are pro-
moted in cells lacking Hippo signaling activity. If Hippo signaling
is only involved in inhibiting cell division, loss of Hippo signaling
would result in extra cells that are smaller than normal cells.
By altering activities of some cell-cycle regulators, it has been
previously shown that an increase of cell division rate was
insufﬁcient to drive cellular growth, and therefore, cell division
and cellular growth can be separately regulated (reviewed by
Yang and Xu, 2011). In the case of Hippo signaling, this growth-
inhibitory pathway appears to play an active role to negatively
control both cell division and cellular growth. In this study, we
found that akt expression is negatively regulated by Hippo
signaling as a way to reduce the Akt pathway activity. Moreover,
growth-promoting factor Yki is required for activating akt expres-
sion in developing tissues. Our genetic evidence is also consistent
with a role of akt as a critical downstream target of Hippo
signaling. Thus, these results support a model in which Hippo
signaling negatively regulates akt expression through Yki inhibi-
tion to coordinate cellular growth and cell division and ultimately
control tissue and organ size during Drosophila development.
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Fig. 5. Constitutively activated Mats reduced Akt and P-Akt protein levels. Either
UAS-GFP (A–C, G–I) or a constitutively active Mats (UAS-Myr-Mats-GFP) (D–F, J–L)
were expressed in the posterior compartment of larval wing discs using en-Gal4.
Immunostaining was done to monitor the levels of endogenous Akt (A–F) and
P-Akt (G–L) proteins.
Ac-ykiV5-
Akt (WB: anti-Akt)
YkiV5 (WB: anti-V5)
α-Tubulin
(WB: anti-α-Tubulin)
+
Fig. 6. Both akt transcript and protein levels were increased by Yki in S2 cells.
Drosophila S2 cells were transfected with yki under the control of an actin
enhancer for constitutive expression. (A) Total mRNA was isolated for quantitative
reverse transcription polymerase chain reactions (RT-PCR). As expanded (ex) is a
known target of Yki, exmRNA was measured as a positive control for detecting the
effect of Yki overexpresstion on gene activation, while the level of dPten mRNA
was also tested. Yki overexpression induced a moderate increase of expression
level of the akt gene. (B) Western blot analysis indicates that Yki was able to
elevate the level of Akt protein in S2 cells. a-Tubulin was used as a loading control.
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Yki to regulate transcription of downstream target genes (Goulev
et al., 2008; Wu et al., 2008; Zhang et al., 2008a, 2008b; Zhao
et al., 2008) and three putative Sd-binding sites were found in the
downstream intergenic region within a 30-kb akt genomic region
(Fig. S5A), we tested the potential enhancer activity of these
elements in mediating the transcription activation property of
Yki. Two genomic fragments that contain these sites were tested
for their potential enhancer activity to drive a GFP reporter gene
expression. As shown in Fig. S5C–D0, neither fragment was able to
respond to Yki overexpression to activate gene transcription in
cultured Drosophila S2 cells, whereas a previously identiﬁed diap1
enhancer that contains Sd-binding sites (Wu et al., 2008; Zhang
et al., 2008a, 2008b) activated gene expression in responding to
Yki (Fig. S5B–B0). Furthermore, from a dataset generated by the
Drosophila Regulatory Elements modENCODE Project (Negre et al.,
2011), a genome-wide ChIP analysis did not detect the akt locus
as an obvious target of Yki. Therefore, how Yki functions to
directly or indirectly to control akt expression will need to be
further investigated.
Since bantam (ban) miRNA has been shown to act autono-
mously to increase Akt expression in epithelial cells and non-
autonomously to decrease Akt expression in neighboringneuronal cells (Parrish et al., 2009), we tested whether banmiRNA
is involved in regulating the level of akt expression by expressing
ban in Drosophila S2 cells as well as larval wing discs. Our
preliminary data show that ban overexpression can slightly
increase the level of Akt protein (YF Zhang and ZC Lai, data not
shown). Thus, while ban is a critical downstream target of yki
(reviewed in Oh and Irvine, 2010), ban might contribute to the
upregulation of Akt expression in tissues such as larval wing discs
during development.
As the Hippo pathway is highly conserved in evolution, it is
possible that Akt regulation by Hippo signaling also occurs in
mammalian cells. Indeed, knockdown of LATS1 in human MCF10A
breast epithelial cells activated the AKT pathway as shown by the
increased levels of activated AKT kinase protein, although the
total Akt protein level was not altered (Zhang et al., 2008a,
2008b). Interestingly, AKT upregulation caused by reduction of
LATS1 function was critically dependent on YAP activity (Zhang
et al., 2008a, 2008b). However, this regulation of AKT activity is
likely mediated at the post-translational level because the total
AKT protein level was not changed by LATS1 knockdown or
LATS1/YAP double knockdown (Zhang et al., 2008a, 2008b).
Although the mechanism of this AKT inhibition by Hippo signal-
ing in mammalian cells is currently uncharacterized, clariﬁcation
of how Hippo signaling can negatively regulate the AKT pathway
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Fig. 7. Loss of yki function blocked Akt upregulation inmatsmutant tissues. (A–C) ykiRNAi clones and (D–F) ykiRNAi/matse235 double mutant clones were generated in third-instar
larval wing discs. The clones were positively labeled by GFP (A, D). Immunostaining was done to detect the endogenous Akt protein (B, E). Merged imaged were shown in (C, F).
X. Ye et al. / Developmental Biology 369 (2012) 115–123 121activity would reveal mechanisms by which these two important
cellular signaling pathways cross-talk for a proper developmental
control of cell growth, cell division and cell death. More excit-
ingly, this study and the work done by Zhang et al. (2008a, 2008b)
implicate that Hippo signaling might inﬂuencing the AKT path-
way activity for its nutrient control of growth, homeostasis, and
longevity in animals.Materials and methods
Drosophila genetics
Fruit ﬂies (Drosophila melanogaster) were cultured under stan-
dard conditions. UAS-aktRNAi (ID#103703) and UAS-ykiRNAi
(ID#104523) lines were obtained from Vienna Drosophila RNAi
Center (VDRC). engrailed (en)-Gal4 was used to drive UAS-Myr-
Mats-GFP (Ho et al., 2010) expression in the posterior region of
larval wing discs. MARCM (Mosaic Analysis with a Repressible Cell
Marker) system (Lee and Luo, 1999) was used to generate positively
labeled somatic clones that are homozygously mutants for Hippo
pathway components in larval discs as well as double mutant clones
for epistasis analyses. The following strains were used:w; FRT82B P[wþ]
w; FRT82B matsroo/TM6B
w; FRT82B matse235/TM6B
w; FRT82B wtsX1/TM6B
yw , hsFLP, UAS-GFP; tub-Gal4, FRT82B tub-Gal80/TM6B
(gift from Dr. Norbert Perrimon)
w; FRT42D P[wþ]
w; FRT42D hpoBF33/SM 6 TM6B
w , hsFLP122, UAS-GFP; FRT42D tub-Gal80; tub-Gal4/TM6B
w; UAS-ykiRNAi; FRT82B P[wþ]/SM6 TM6
w; UAS-ykiRNAi; FRT82B matse235/SM6 TM6
w; UAS-aktRNAi; FRT82B P[wþ]/SM6 TM6
w; UAS-aktRNAi; FRT82B matse235/SM6 TM6For clonal overexpression of transgenes, w , hsFLP; act4
wþ4Gal4; UAS-GFP/TM6B ﬂies were used to cross with UAS-yki
ﬂies at 20 1C. Larvae were heat-shocked for 1 h at 31 1C 4 day afteregg laying (AEL). Late third-instar imaginal discs were used for
immunostaining analysis.
Immunocytochemistry and microscopy
Late third-instar larval imaginal discs were ﬁxed in PLP ﬁxative
(2.5% paraformaldehyde, 0.075 M lysine, 0.25% (W/V) Na-period-
ate) and immunostained using standard procedures. Rabbit
monoclonal antibodies that include anti-Akt (1:400 dilution),
anti-Phospho-Akt (S473) (1:200) and anti-Phospho-4E-BP1 (T37/
46) (1:60) were purchased from Cell Signaling Technology. Rabbit
anti-dPten (1:200, Dr. Vivian Budnik) and rabbit polyclonal anti-
PTEN (1:50, ABGENT) were both used. Alexa Fluor (AF) 488, AF568,
AF647 and AF680 (1:300, Molecular Probes) were used as second-
ary antibodies. Images were collected by sequential scanning using
Olympus Fluoview 300 Confocal Laser Scanning Microscope.
Adult wing size analysis
Adult male ﬂy wings were collected and mounted onto glass
slides. Wing images were collected using a dissecting microscope
via the SPOT Basic Imaging software. The wing area in pixels was
measured using the Image J software. The wing sizes were
normalized to the control ones. Statistical analysis was performed
through pair-wise t-tests as well as Analysis of Variance (ANOVA).
In-situ hybridization
DIG labeling of Drosophila akt RNA was performed with DIG
RNA labeling Kit (SP6/T7) (Roche) following the supplier0s instruc-
tion. Late third instar larvae discs were ﬁxed in 4% paraformalde-
hyde in PBS containing 0.5% Triton X-100 for 20 min on ice
followed by 20 min at room temperature (RT). The discs were
washed 3 times with PTw (0.1% Tween-20 in PBS) and then washed
10 min in 1:1 PTw:Hybridization buffer (50% (v/v) formamide, 5x
saline sodium citrate (SSC, pH 5.0), 50 ug/ml yeast tRNA, 50 ug/ml
heparin, 0.1% (v/v) Tween-20). After washing, the discs were
prehybridized in hybridization buffer (hyb buffer) for 10 min at
RT and then 1 h at 60 1C. Afterwards, denatured riboprobe solution
was added and the discs were incubated overnight at 60 1C.
The following solutions were pre-warmed at 60 1C and used to
X. Ye et al. / Developmental Biology 369 (2012) 115–123122wash the discs for 20 min each in order: hyb buffer, hyb buffer/PTw
(4/1), hyb buffer/PTw (3/2), hyb buffer/PTw (2/3), hyb buffer/PTw
(1/4), PTw, PTw. The discs were then blocked for 20 min x 2 times
at RT in PBTN (1xPBS, 0.1% BSA, 0.2% Triton X-100, 5% NGS).
Rhodamine-conjugated anti-DIG (1:20, Roche), Rabbit anti-GFP
(1:100, Sigma) and anti-Rabbit AF488 (1:300, Molecular Probes)
were used for immunostaining. Images were collected with an
Olympus Fluoview 300 Confocal Laser Scanning Microscope.
Quantitative RT-PCR
S2Rþ cells were transfected with 0.5 ug pAc-ykiV5 or 1.0 ug
pAc-ykiV5 respectively. Total mRNA was isolated via Qiagen
RNAeasy reagent and cDNA was then synthesized (Quanta qScript
cDNA superMix, Cat no. 95048-025). All reactions were performed
in three replicates. Quantitative RT-PCR was performed with the
ABI prism 7000 SD8 system. The relative amount of speciﬁc
mRNAs under each condition was calculated after normalization
to the histone 3 transcript. yki and ex mRNA expression was used
as positive controls. In additional to akt, dPten expression was also
tested. Primes used in this experiment are listed below:
For the histone 3 gene: forward primer (f)-ACGGACTTGC-
GATTCCAGAG, reverse primer (r)-GCTAGCTTCCTGCAGAGCCA
yki: f-ATCGACGACGAGGACATGCT, r-CACCACCAGGTTGTTGGACTT
akt: f-AGCGCTACTTCGTGCTCCAC, r-TGCTGCGGTAACCCATCAG
ex: f-ACCCTTAGCTGCTCCGTCAA, r-TCCAAAAGATGAGCCAAGGC
pten: f- TCCAATGTTGTAGCCGTGCA, r-GGTACCGGTTCTGCCCTTTC
Western blot analysis
Drosophila S2 cells were transiently transfected with pAc-ykiV5
plasmid (1.0 ug) using Cellfectin (Invitrogen), maintained in
Schneider’s medium containing 10% fetal calf serum and collected
for making protein extract 40 h after transfection. For Western
blot analysis, rabbit anti-Akt (Cell Signaling Technology), mouse
anti-V5 (Invitrogen) and mouse anti-a-Tubulin (Sigma) were used
as primary antibodies. Horseradish peroxidase (HRP)-conjugated
antibodies against rabbit and mouse IgG (Amersham) were used
as secondary antibodies.Acknowledgments
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